Background--Mean amplitude of glycemic excursion (MAGE) is commonly used to gauge the degree of glucose level fluctuations. MAGE plays a significant role in vascular endothelial dysfunction and cardiovascular events in patients with diabetes mellitus (DM), but its significance is not clear in non-DM patients. Thus, we examined the impact of MAGE and vascular endothelial dysfunction on clinical outcomes in non-DM patients with coronary artery disease.
I
t has been reported that intensive blood glucose control decreases the risk of microvascular complications, but not macrovascular disease, in patients with type 2 diabetes mellitus (DM). [1] [2] [3] Investigators have highlighted the importance of blood glucose monitoring because it not only reduces glycated hemoglobin, prevents hypoglycemia, and reduces postprandial hyperglycemia, but also narrows the range of glycemic excursions. 4, 5 By increasing advanced glycosylation end product levels and protein kinase C activation and attenuating superoxide dismutase glycosylation, hyperglycemia increases oxidative stress, exacerbates insulin resistance, causes chronic inflammation, and impedes vascular endothelial function, ultimately increasing the likelihood of cardiovascular events. 6, 7 In contrast, recent reports have stated that methylglyoxal (generated by the breakdown of glucose into pyruvic acid in the glycolytic pathway) is a causative agent of oxidative stress, and its accumulation in the blood is more related to glycemic excursions than hyperglycemia. Furthermore, glycemic excursions are known to lead to endothelial impairments by inducing inflammatory cytokines and increasing oxidative stress. 8, 9 Even basic science experiments with the cultures of human umbilical vein endothelial cells have demonstrated that cellular apoptosis is accelerated to a greater degree by repetitive glycemic fluctuations than by continuous hyperglycemia. In addition, in cultured human umbilical vein endothelial cells, exposure to glycemic excursions has been reported to cause greater increases in protein kinase C activity, an exacerbating factor of oxidative stress, resulting in higher levels of oxidative stress markers, 8-hydroxy-2 0 -deoxyguanosine, and nitrotyrosine. 10, 11 These findings suggest that large glycemic excursions may be more closely linked to endothelial dysfunction and cardiovascular events than that of hyperglycemia. Continuous glucose monitoring (CGM) is used clinically to evaluate glycemic excursions. It has been covered by medical insurance in Japan since 2010 and is generally used to evaluate the glycemic variability of diabetic patients. CGM devices typically measure blood glucose levels at 5-minute intervals and record up to 288 readings per day. The mean amplitude of glycemic excursion (MAGE) is the mean of blood glucose values exceeding one SD from the 24-hour mean blood glucose and is used as an index of glycemic variability. 4, 5 According to the scientific literature, the value of MAGE in patients without DM are nearly 30 to 40 mg/dL, [12] [13] [14] and the cutoff value of MAGE for cardiovascular events are considered nearly 60 to 70 mg/dL. [15] [16] [17] In patients with type 2 DM, CGM-based MAGE has been significantly correlated with urinary 8-iso-prostaglandin F2a levels, Gensini score, and reactive hyperemia index (RHI). [18] [19] [20] [21] These 3 clinical variables are an oxidative stress marker, a vascular endothelial dysfunction index, and a coronary stenosis index, respectively. Moreover, the association between acute hyperglycemia and endothelial dysfunction have been suggested in not only DM patients but also non-DM persons. 22, 23 CGM-based MAGE is reportedly an independent risk factor for coronary stenosis. Furthermore, studies that evaluated MAGE in postmyocardial infarction (MI) patients demonstrated that MI patients with high MAGE values had a significantly higher incidence of secondary cardiac events. [15] [16] [17] While prior reports have examined the relationship between MAGE and primary and secondary cardiovascular events in diabetic patients, few studies have been conducted in nondiabetic patients.
As previously mentioned, RHI is significantly correlated with MAGE and each one is an independent risk factor associated with cardiovascular events. Therefore, we considered that the combination with MAGE and RHI was useful for further subdivision of the risk of cardiovascular events.
Thus, we examined not only the impact of MAGE on clinical outcomes in non-DM patients with coronary artery disease but also the prognosis of the patients classified by combination with MAGE and RHI.
Methods

Study Population
We recruited patients with stable angina during their hospitalizations for elective percutaneous coronary intervention (PCI) at Kumamoto University Hospital from May 2013 to April 2014. We excluded patients with heart failure with reduced left ventricular ejection fraction, hemodialysis, malignant diseases, and collagen disease and patients who did not give consent. In addition, patients with elevated white blood cell counts (>9000) and/or serum high-sensitivity C-reactive protein (>0.5 mg/dL) were excluded to avoid the potentially confounding effects of occult infection or other systemic inflammatory diseases on high-sensitivity C-reactive protein levels.
Patients were considered hypertensive if their blood pressure was >140/90 mm Hg. Chronic kidney disease was defined as an estimated glomerular filtration rate <60 mL/ minÁ1.73 m 2 . Dyslipidemia was defined as low-density lipoprotein >140 mg/dL, high-density lipoprotein <40 mg/ dL, or triglycerides >150 mg/dL. Impaired glucose tolerance was defined as a fasting plasma glucose concentration <126 mg/dL combined with an elevated 2-hour plasma glucose concentration (≥140 and <200 mg/dL) after a 75-g glucose load in an oral glucose tolerance test (75-g OGTT).
Patients were assigned the diagnosis of DM if they had an elevated 2-hour plasma glucose concentration (≥200 mg/dL) after a 75-g OGTT, an fasting plasma glucose concentration ≥126 mg/dL, a glycated hemoglobin score ≥6.5%, physiciandiagnosed DM, and/or the use of a diabetic medication. CGM, 75-g OGTT, and reactive hyperemia peripheral arterial tonometry (RH-PAT) were performed on each different day before undergoing elective PCI after admission. Patients were followed up prospectively for about 12 months. During the follow-up period, cardiovascular events were registered, including cardiovascular death, nonfatal myocardial infarction, unstable angina, and revascularization. Cardiovascular events were ascertained from a review of medical records and confirmed by direct contact with the patients, their families, and physicians. For patients who had >2 cardiovascular events, only the first event was considered in the analysis.
The study complied with the Declaration of Helsinki, and informed consent was obtained from all patients.
CGM and MAGE
All patients enrolled in this study were equipped with CGM (iPro2; Medtronic, Minneapolis, MN) and monitored for 48 consecutive hours before undergoing elective PCI. All patients received optimal meals (25-28 kcal/kg of ideal body weight; 60% carbohydrates, 15-20% protein, and 20-25% fat) during CGM. A CGM sensor was inserted into the subcutaneous abdominal fat tissue and calibrated according to the standard Medtronic iPro2 (Medtronic) operating guidelines. While wearing the CGM, the patients checked their blood glucose levels with a self-monitoring blood glucose device (Medisafe Mini; Terumo, Tokyo, Japan) at least 4 times per day. The patients then entered their self-monitored blood glucose data and the time of each meal into the CGM. After the patients were monitored for 48 hours, the recorded CGM data were downloaded onto a personal computer and the patient's glucose profile and glucose excursion parameters were analyzed using the iPro2 software. The MAGE value that was reported for each patient was derived from the intermediate 24 hours of each patient's recording to avoid bias due to the insertion and removal of the CGM or insufficient stability of the monitoring system. The MAGE was calculated by measuring the arithmetic mean of the differences between consecutive peaks and nadirs, provided that the differences were >1 SD of the mean glucose value. We used the value of 65 mg/dL to divide patients into low and high MAGE groups because it has been reported that the cutoff value of MAGE for cardiovascular events is 60 to 70 mg/dL.
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RH-PAT and RH-PAT Index
RH-PAT measurements were analyzed with a computerized automated algorithm to reduce intraobserver and interobserver variability (Endo-PAT2000 software, version 3.0.4; Itamar Medical Ltd, Caesarea, Israel). The RH-PAT ratio was calculated using the ratio of the average PAT signal amplitude during a 1-minute interval, starting 1.5 minutes after cuff deflation (where control arm=A and the occluded arm=C), divided by the average PAT signal amplitude 2.5 minutes before cuff inflation (baseline) (where the control arm=B and the occluded arm=D) and the RH-PAT ratio=(C/D)/(A/B). Because RH-PAT ratio results have a skewed distribution, we used the Ln RH-PAT ratio and the RHI for analyses. The RHI was derived from the following equation: 24, 25 The Ln RH-PAT ratio and baseline pulse amplitude were retrospectively analyzed using Endo-PAT2000 software (version 3.4.4); however, reanalysis was impossible in 2 patients for unknown reasons. Peripheral endothelial function as assessed by the RHI was validated by the coronary artery response to acetylcholine, which is the gold standard coronary endothelial functional measurement. 26, 27 Previous studies have demonstrated that RH-PAT technology has excellent reproducibility. [28] [29] [30] [31] [32] It was reported that intraobserver and interobserver variability coefficients for RH-PAT measurements were 16.1% and 22.6%, respectively, 33 and the reproducibility was confirmed by some studies. 29, 34 In this study, intraobserver and interobserver variability coefficients for RH-PAT measurements was 22.1%. We used the median value of the RHI (0.56) to divide patients into low and high RHI groups.
Statistical Analysis
All statistical analyses were performed using SPSS version 22.0 (SPSS Inc, Chicago, IL) and STATA version 11 (StataCorp, College Station, TX). The data are presented as frequencies and percentages for categorical variables and meanAESD for continuous variables, unless otherwise indicated. Differences between the 2 groups were assessed using v 2 and unpaired t tests. The Kaplan-Meier survival curve analysis was used to represent the proportional risk of cardiovascular events based on the MAGE values, and the log-rank test was performed to assess differences between high levels and low levels of those variables. To ascertain the independent contribution of clinical variables to subsequent cardiovascular events, a multivariable regression analysis using Cox hazard model analysis and stepwise backward method was made. We also examined whether the addition of MAGE improved the discriminatory power of the model of RHI by using receiver operating characteristic (ROC) analysis for cardiovascular events. ROC analysis was performed by logistic model analysis and adjusted by hypertension. We used the bootstrap method to estimate ROC curves and area under the curve (AUC) values. P values <0.05 were regarded as statistically significant. In sample size, we planned cardiovascular event rates in the high MAGE group as 35% and that in the low MAGE group as 5.0%. 15, 16 The power ratio was 0. (without agreement, with infection or other inflammatory diseases), formerly diagnosed DM, and newly diagnosed DM by 75-g OGTT. After filtering, 65 patients who underwent elective PCI were enrolled in this study. All patients followed up for 12 months (Figure 1 ). After the CGM reports of the non-DM patients were analyzed, 26 patients comprised the high MAGE (≥65 mg/dL) group and 39 patients comprised the low MAGE (<65 mg/dL) group. When the clinical characteristics of the high MAGE and low MAGE groups were compared, hypertension was significantly more prevalent in the high MAGE group than in the low MAGE group (88% versus 67%, P=0.044).
When the glucose parameters were analyzed, the levels of the 1-hour glucose tolerance test, the mean of the 24-hour glucose level, and the MAGE were significantly higher in the high MAGE group than the low MAGE group (188.5AE36. 4 Table 1) . The high-sensitivity C-reactive protein levels were significantly higher in the high MAGE group than the low MAGE group (0.18AE0.13 mg/dL versus 0.10AE0.11 mg/dL, P=0.006) (Figure 2A) , and the RHI levels were significantly lower in the high MAGE group than the low MAGE group (0.51AE0.22 mg/dL versus 0.64AE0.21 mg/dL, P=0.035) ( Figure 2B ).
The data of 65 non-DM patients were available for analyzing cardiovascular events. During the follow-up period, no patients dropped out. The median follow-up period was 272 days. The cardiovascular event rate was significantly higher in the high MAGE group than the low MAGE group (26.4% versus 11.8%, P=0.038). There was a trend toward more de novo PCIs in the high MAGE group than the low MAGE group (15.3% versus 5.1%, P=0.078) ( Figure 3A, Table 2 ), but this finding was not statistically significant.
Kaplan-Meier survival curve analysis demonstrated a significantly higher risk of cardiovascular events in the high MAGE group than the low MAGE group (log-rank P=0.011) ( Figure 3B Table 3 ).
The RHI value was used to stratify patients into a high-level vascular endothelial dysfunction group (RHI ≤0.56) and a normal group (RHI >0.56). When the RHI stratification was analyzed in conjunction with the high MAGE (≥65 mg/dL) and low MAGE (<65 mg/dL) groupings (the P value of the interaction between MAGE and RHI was 0.462), the incidence of cardiovascular events was 46.7% (high MAGE+low RHI group), 26.7% (high MAGE+high RHI group), 20.0% (low MAGE+low RHI group), and 6.6% (low MAGE+high RHI group) in descending order (P=0.014) ( Figure 4A ).
Kaplan-Meier survival curve analysis also revealed a significantly higher risk of cardiovascular events in the low RHI+high MAGE group (log-rank P=0.027). Among the 4 pairings, we found that there were no significant differences between the high MAGE+high RHI and the low MAGE+low RHI group (log-rank P=0.937), and there was a trend toward differences between the low MAGE+high RHI and high MAGE+high RHI groups (log-rank P=0.081) ( Figure 4B Figure 5A and 5B).
Discussion
In our study, we showed that in nondiabetic post PCI patients, MAGE was correlated with chronic inflammation and impairments of vascular endothelial function, and high MAGE was an independent risk factor associated with cardiovascular events.
The results of this study indicate that non-DM patients with high MAGE scores have evidence of low initial insulinogenic index. It is postulated that low initial insulinogenic index can result in significant fluctuations in blood glucose levels, even in non-DM patients. This effect is thought to be associated with the significantly higher levels of glucose detected with 75-g OGTT, particularly during the first hour. In addition, there were significantly more patients with hypertension in this high MAGE group. Patients with hypertension will have the insulin resistance and lead to high glycemic excursions. Hypertension may be an early predictor of high MAGE in non-DM patients.
In studies that have employed optical coherence tomography to assess the coronary artery at the time of a myocardial infarction, investigators determined that plaque ruptures were significantly more frequent in patients with high MAGE values, even in non-DM patients. 35 Moreover, reports from prior studies have noted that %50% of myocardial infarctions originate from changes in an existing pathology where treatment with a stent was deemed unnecessary. 36 Furthermore, a recent study suggested that high MAGE measured early after the onset of a first-episode acute coronary syndrome was correlated with thinner fibrous cap measurements and a higher prevalence of thin-cap fibroatheroma at the nonculprit plaque in the nonculprit vessel. 37 The findings by these investigators may support our results that cardiovascular events, especially in de novo PCI, were frequently higher in the high MAGE group than that in the low MAGE group. We not only showed the impact of MAGE on clinical outcomes in non-DM patients with coronary artery disease but also that the 4 pairings (combination with MAGE and RHI) were useful for further subdivision of the risk of cardiovascular events. Among the 4 pairings, there was a trend toward differences between the low MAGE+high RHI and high MAGE+high RHI groups. That may mean even if the patients have high RHI values (ie, those who maintained a certain degree of vascular endothelial function), the patients with high MAGE values (ie, large glycemic excursions) may have higher risk for cardiovascular events. Moreover, there were no significant differences between the low MAGE+low RHI and high MAGE+high RHI groups. This may mean that even if the patients have high RHI values, the patients with high MAGE values may have a similar risk as patients with low RHI values. Thus, it is possible that our findings suggest that glycemic excursions were not merely a cause of vascular endothelial dysfunction but also an early risk factor associated with such dysfunction, and that they could be used to associate future deterioration of the vascular endothelium.
No significant differences between RHI and MAGE+RHI were seen in the ROC curve, but MAGE+RHI was associated with higher AUC area than RHI alone. Investigation with a larger sample size may elucidate the synergistic effect of MAGE+RHI rather than RHI alone associated with cardiovascular events.
Clinical Implications
In patients with DM and those with impaired glucose tolerance, alpha glucosidase inhibitors, pioglitazone, and dipeptidyl peptidase 4 inhibitors have previously been reported to improve glycemic excursions, reduce inflammation, and ameliorate coronary arteriolar thickening. [38] [39] [40] Both DM and non-DM patients who exhibit postprandial hyperglycemia have been reported to have exacerbated insulin resistance and decreased glucagon-like peptide-1 levels. 41 These adverse effects on glucose handling and endothelial function can potentially be ameliorated by glycemic variability-reducing drugs, such as dipeptidyl peptidase 4 inhibitors, when taken by nondiabetic patients with high MAGE. 42 
Limitations and Strengths
The limitations of this study include the small sample size and single-center design and that cardiovascular events were not adjudicated. As a method to measure MAGE, the CGM system employed in this study was expensive, invasive, and timeconsuming. We hope that a simple and inexpensive biomarker for measuring glycemic excursions will be available in the future. The study's strengths include the fact that it was a prospective follow-up study of non-DM patients identified by 2-hour glucose tolerance test, and all of the patients had measurements of MAGE obtained by CGM and RHI determined by RH-PAT. At the hospital where the study was conducted, patients are typically seen for post-PCI follow-up 1, 3, 9, and 12 months following discharge. Furthermore, all of the patients were provided with nutrition education prior to discharge in an attempt to raise their awareness of blood glucose monitoring.
Family history of DM is one of the main findings of earlyphase endothelial function and cardiovascular events, especially in patients with pre-DM. 43 However, we did not have complete data on family history of DM in this study. Finally, ranolazine can be used in patients with stable angina 44 and can improve insulin resistance 45 and influence glycemic control. 46 Taking ranolazine is a confounding factor; however, ranolazine is not for off-label use in Japan and there were no patients taking ranolazine in this study.
Conclusions
MAGE was associated with cardiovascular events in non-DM patients with coronary artery disease. Furthermore, the combination of MAGE and RHI was useful for further subdivision of the risk of cardiovascular events.
